Although several genes affected by the nude mutation inactivating the transcription factor Whn have recently been identified, a comprehensive molecular analysis of the nude phenotype is still missing. Gene expression profiling of wildtype and nude mice back skin reveals several so far unknown differences in mRNA levels and demonstrates that microarray hybridization is ideal to identify even quantitative changes in expression. Some genes are upregulated in the absence of Whn. Most of the differentially expressed genes are downregulated in nude skin. Our results identify metallothionein IV among these genes. This is the first report on metallothionein IV expression in the murine hair follicle; its expression domain almost completely overlaps that of Whn. q
Results and discussion
Nude mice are characterized by alopecia in combination with an inborn dysgenesis of the thymus (Flanagan, 1966) . Previous studies demonstrated that the nude gene (Whn) does not affect the morphogenesis of the hair follicle and other epidermal appendages, but is involved in epidermal differentiation processes (Brissette et al., 1996; Köpf-Maier et al., 1990; Lee et al., 1999; Meier et al., 1999b; Schlake et al., 2000b) . Whn encodes a sequence-specific transcriptional activator which has been highly conserved during evolution (Schlake et al., 2000a (Schlake et al., , 1997 Schüddekopf et al., 1996) . Several molecular changes have been described for nude mice so far. Whereas the serine proteases neuropsin and BSSP are upregulated in nude skin (Inoue et al., 1998; Meier et al., 1999a ) and therefore do not represent direct target genes of Whn, at least some of the downregulated hair keratin genes appear to be directly controlled by the Whn transcription factor (Meier et al., 1999b; Schlake et al., 2000b) . Very recently, the first putative target genes of Whn in the thymus have been identified by gene expression profiling using microarrays (Bleul and Boehm, 2001 ). Earlier attempts (Meier et al., 1999a,b) to identify target genes of the nude mutation used the procedure of representational difference analysis (RDA) which predominantly detects cDNAs only present in one of two samples (Hubank and Schatz, 1994; Lisitsyn and Wigler, 1993) . In order to obtain a more comprehensive view of the molecular changes in nude skin, we set out to compare gene expression profiles between wildtype and nude skin using microarrays, which allow the detection also of quantitative differences in transcript levels. To further improve the sensitivity of detection over previous analyses, back skin of 9-day-old mice was used instead of adult tissue. At day 9 postnatally, follicles are in the growth phase of the first hair cycle, during which they are highly synchronous (Chase, 1965) , and express high levels of Whn (Meier et al., 1999b) . The loss of synchronicity during later cycles might reduce signal intensities if genes are differentially expressed during the hair cycle.
Using oligonucleotide based microarrays representing about 22,000 distinct transcripts, we were able to identify more than 20 differentially expressed genes in skin of wildtype and nude mice, respectively. In nude skin, a five-fold increase of neuropsin transcript levels as well as a six-and nine-fold decrease in the expression of basic hair keratins 3 and 4, respectively, confirm previously described molecular changes (Table 1 ). In addition, novel targets affected by the nude mutation could be identified (Fig. 1 ). Differential expression of these genes was verified by reverse transcription-polymerase chain reaction (RT-PCR) analyses ( Fig. 1) and RNA in situ hybridization (Fig. 2) . A comprehensive list of the confirmed targets is given in Table 1 .
The group of affected structural proteins, namely hair keratins, is extended by various keratin and keratin-asso-ciated proteins (Table 1) , the downregulation of which stresses the structural defects in hair formation in nude mice. In addition to some uncharacterized transcripts, arachidonate 8(S)-lipoxygenase mRNA levels are also decreased in nude skin. This enzyme is expressed in the granular layer of the epidermis and in differentiating cell layers of the hair follicle (Jisaka et al., 1997) . Therefore, the decrease in its expression is further proof for the compromised differentiation of nude skin.
Interestingly, some cytokeratins are upregulated in nude skin; the significance of this finding is unclear so far. The same is true for a number of uncharacterized genes, some of which are expressed in more differentiated layers of the hair follicle and the interfollicular epidermis ( Fig. 2A) .
Our microarray hybridization analysis reveals transcripts of metallothionein IV in murine back skin (Fig. 1) . This is unexpected in the light of a previous report which demon- strated metallothionein IV gene expression in suprabasal cells of footpads and tail skin, but not in abdominal skin (Quaife et al., 1994) . As a zinc-binding protein, metallothionein IV may affect the activity of zinc-dependent proteins and modulate the DNA-binding ability of zinc-finger transcription factors (Vasak and Hasler, 2000) ; by regulating the homeostasis of zinc ions, it also might have paracrine functions. Our in situ hybridizations demonstrate that metallothionein IV is expressed in the hair follicle. Its expression is negatively affected by the nude mutation, although a basal level of expression does not require Whn ( Fig. 2A) . A comparison of the expression domains of metallothionein IV and Whn demonstrates that they almost completely overlap (Fig. 2B) . However, in contrast to Whn, metallothionein IV mRNA is not detectable in matrical cells, indicating that the onset of gene expression is delayed compared with Whn. This is also observed for other target genes of Whn (Meier et al., 1999b) . In accordance with an earlier report (Quaife et al., 1994) , no expression could be detected in the interfollicular epidermis. We note that metallothionein IV is also expressed in filliform papillae of the tongue (Quaife et al., 1994) , which is also a site of Whn expression (Meier et al., 1999b) . In summary, the massively parallel expression analysis by the microarray technology allowed us to identify several novel genes affected by the nude mutation. Since they are expressed in different epidermal domains, their changes in expression levels collectively highlight the complex molecular basis of the nude phenotype.
Materials and methods

Gene expression profiling
Back skin was isolated from wildtype and nude Balb/c mice, respectively, 9 days postnatally. For each microarray hybridization, the skin of four mice was sampled, mRNA was isolated and converted to labelled cRNA which was hybridized to Mu6500 and Mu19K microarrays as recommended by the manufacturer (Affymetrix). For data analysis, the Affymetrix Microarray Suite was used.
RT-PCR
mRNA was isolated from the back skin of wildtype and nude Balb/c mice 9 days postnatally. After conversion into cDNA, PCR amplifications were performed using genespecific primers. The gene-specific primers are: Gapdh, Fig. 2 . Expression of differentially expressed genes in wildtype and nude dP9 back skin detected by non-radioactive in situ hybridization. (A) Expression of metallothionein IV, TC19742, and TC22208 in the hair follicle and interfollicular epidermis of wildtype and nude mice, respectively. For metallothionein IV, no transcripts could be detected in the interfollicular epidermis (data not shown). In the hair follicle, its expression is restricted to cells of the precortex and the proximal cortex. Both TC19742 and TC22208 are expressed in cells of the cuticle of the proximal hair shaft, as well as in cells of the granular layer of the interfollicular epidermis. Expression of both genes is significantly decreased in skin of wildtype mice. (B) Comparison of the expression domains of Whn and metallothionein IV in the murine hair follicle. Whn, as well as metallothionein IV, is expressed in the cells of the precortex and proximal cortex of the hair follicle. In contrast to metallothionein IV, weak staining for Whn is also seen in matrical cells at the periphery of the hair bulb. IV, the first primer is the forward primer, and the second primer is the reverse primer and is synthesized as the complement of the sequence indicated. Amplification was carried out for 25-36 cycles to keep products within the linear range, and analyzed on a 1.5% agarose gel. Sizes of the respective PCR products are indicated in brackets.
In situ hybridization
Sections were made of the back skin of wildtype and nude Balb/c mice 9 days postnatally. Essentially, non-radioactive in situ hybridizations were performed as previously described (Bleul and Boehm, 2000) . Both sense and antisense strands of gene-specific fragments were used as probes. These fragments were generated by PCR using the following primers (fragment size is indicated): Whn, nt. 1359-1378 and nt. 1916-1935 IV, the first primer is the forward primer, the second primer is the reverse primer and is synthesized as the complement of the sequence indicated.
